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Physik-Department T38, Technische Universita¨t Mu¨nchen, Garching, GermanyABSTRACT Chemical modification or radiation can cause DNA damage, which plays a crucial role for mutagenesis of DNA,
carcinogenesis, and aging. DNA damage can also alter the fine structure of DNA that may serve as a recognition signal for DNA
repair enzymes. A new, advanced sampling replica-exchange method has been developed to specifically enhance the sampling
of conformational substates in duplex DNA during molecular dynamics (MD) simulations. The approach employs specific biasing
potentials acting on pairs of pseudodihedral angles of the nucleic acid backbone that are added in the replica simulations to
promote transitions of the most common substates of the DNA backbone. The sampled states can exchange with a reference
simulation under the control of the original force field. The application to 7,8-dihydro-8oxo-guanosine, one of the most common
oxidative damage in DNA indicated better convergence of sampled states during 10 ns simulations compared to 20 times longer
standard MD simulations. It is well suited to study systematically the fine structure and dynamics of large nucleic acids under
realistic conditions, including explicit solvent and ions. The biasing potential-replica exchange MD simulations indicated signif-
icant differences in the population of nucleic acid backbone substates in the case of 7,8-dihydro-8oxo-guanosine compared to
a regular guanosine in the same sequence context. This concerns both the ratio of the B-DNA substates BI and BII associated
with the backbone dihedral angles ε and z but also coupled changes in the backbone dihedral angles a and g. Such differences
may play a crucial role in the initial recognition of damaged DNA by repair enzymes.INTRODUCTIONOxidation of nucleobases is one of the most common
sources of mutations in DNA and plays a crucial role in
mutagenesis of human DNA, carcinogenesis, and aging
(1–3). This type of damage occurs when reactive oxygen
species and free radicals react with DNA molecules (3).
Understanding the mechanism of oxidative damage and
repair in atomic detail is of major importance for a deeper
understanding of many diseases and for the design of strat-
egies to avoid or possibly repair DNA damage. The most
common and among the most mutagenic oxidative DNA
modifications is the formation of 7,8-dihydro-8-oxoguanine,
often called 8-oxoguanine (8oxoG) (4–6). It is a result
of the oxidation of the guanine C8, N7 atoms (6) (see
Fig. 1 b). The damaged guanine has the potential to pair
not only with cytosine (C) but also with other bases (most
commonly with adenine, A) (6,7). An 8oxoG can incorrectly
pair with A in a Hoogsteen mode (can form during the repli-
cation process), which during further replication rounds
increases the number of G-C/ T-A transversion mutations
(8). These transversions are the second most common
somatic mutations found in human cancers and are espe-
cially prevalent in the mutational spectrum of the tumor
suppressor gene p53 (9). DNA containing an 8oxoG can
be recognized and repaired with specific repair enzymes,
such as the bacterial MutM or the human homolog
hOGG1 (8–10)(Fig. 1).Submitted October 23, 2012, and accepted for publication January 16,
2013.
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0006-3495/13/03/1089/9 $2.00Oxidative mutagenesis of DNA and in particular forma-
tion of 8oxoG has been extensively studied (7–14). Struc-
ture determination of repair enzymes in complex with
damaged DNA indicate that a looping out process is
required to move the damaged 8oxoG base into the active
site followed by cleavage of the base and dissociation
(15). However, it is still not clear how a repair enzyme
initially recognizes a damaged base among a large surplus
(many millions) of undamaged bases along DNA (15,16).
One possibility is that the repair enzyme recognizes
a damaged base in an extra-helical looped out state.
However, this requires either an active looping out process
during DNA binding or the rapid association to an already
looped out 8oxoG. Alternatively, it is possible that the
oxidative damage alters the fine structure and dynamics of
DNA, which serves as an initial recognition signal for a
repair enzyme. Indeed, structural analysis of oligonucleo-
tide duplexes with the repair enzyme MutM in an encounter
complex (intrahelical bases) showed distinct differences in
the nucleotide backbone desoxyribose puckering depending
on the presence of either a central G or 8oxoG nucleobase
(15,17). Crystal structures of isolated 8oxoG-containing
duplex DNA opposite to cytosine (C) indicate no difference
in basepair geometry and the stability of the G:C and
8oxoG:C pairs in terms of H-bonds and stacking energy
are very similar (18). The characterization of possible
conformational substates of 8oxoG in duplex DNA is of
major importance to better understand the recognition
mechanism of such damage by the cellular repair processes.
In principle molecular dynamics (MD) simulations can
be used to compare the fine structure and dynamics ofhttp://dx.doi.org/10.1016/j.bpj.2013.01.032
FIGURE 1 (a) Schematic illustration of the
process of the G-C/ T-A transversion mutation
due to the presence of an 8oxoG base damage
(9). (b) Chemical structure of the 8-oxoguanine
and guanine nucleobase (atom numbering around
C8 included).
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resolution and under realistic solution conditions, including
explicit solvent and surrounding ions. The efficiency of MD
simulations is, however, often limited by poor sampling of
possible states due to high energy barriers that may separate
low-energy regions (19). To enhance conformational
sampling the parallel tempering or replica exchange molec-
ular dynamics (REMD) method is widely used (20–23).
In temperature (T-)REMD simulations, several copies
(replicas) of a molecule are simulated independently at
different simulation temperatures. At preset intervals, pairs
of replicas (neighboring pairs) are exchanged with a speci-
fied transition probability. The random walk in temperature
allows conformations trapped at a low simulation tempera-
ture in locally stable states to escape by exchanging
with replicas simulated at a higher temperature. In the
T-REMD method the number of replicas rapidly increases
with the system size because an exchange between replicas
requires sufficient overlap of the potential energy of neigh-
boring simulations (24). This is because with an increasing
number of replicas one needs also more exchanges (hence
longer overall simulation time) to travel with one conforma-
tional copy from the lowest temperature to the highest
temperature or to visit each temperature a sufficient number
of times. Another disadvantage of T-REMD in the case of
duplex DNA is a possible disruption or strand dissociation
in replicas simulated at high temperature, which may not
be relevant at the desired temperature (25).
However, instead of using the simulation temperature, it
is also possible to use the force field or Hamiltonian of
the system as a replica-coordinate. In H-REMD simulations
it is possible to modify only part of the Hamiltonian along
the replica simulations (22,25). Exchanges between replicas
are then independent of the part of the Hamiltonian that does
not differ between replicas and, consequently, such
approaches may require much fewer replicas for efficient
sampling compared with T-REMD. Recently, we introduced
a biasing potential (BP)-REMD method that allows efficient
exploration of nucleic acid fine structures (25). The method
employs different levels of specific biasing potentials to
promote coupled transitions of nucleic acid backbone dihe-
dral angles along the replicas. The sampled conformations
can exchange with a reference replica that is controlled by
the original force field. To further improve the performance
of the approach we introduce a variant that includes biasing
of coupled pseudodihedral angles of the nucleic acid back-
bone along the replicas. With a biasing potential on such
pseudodihedral angles it is possible to promote simulta-
neous transitions of the most important nucleic acid back-Biophysical Journal 104(5) 1089–1097bone states associated with transitions of the a (rotation
around P-O5 bond) and g (C5-C4 bond rotation) dihedral
angles (also called crankshaft motions or a/g-flip) and
coupled changes of ε (C3-O3 bond) and z (O3-P bond) dihe-
dral angles (also termed BI and BII substates).
Application of the method to 8oxoG-containing duplex
DNA indicates improved convergence of sampled backbone
substates and reveals differences with respect to undamaged
DNA. Such differences in a sampled substate pattern might
be decisive for the initial recognition step of oxidative
damage in DNA.MATERIAL AND METHODS
MD simulations
All MD simulations were started from regular B-DNA of the self-
complementary sequences d(50-CCAGCGCTGG)2 (intact DNA) and
d(50-CCA(8OG)CGCTGG)2 (damaged DNA), respectively. Note that the
duplexes contained two equivalent sites (one on each strand) with 8oxoG
(or G) opposite to a C, which allowed us to better control the convergence
of sampled states. For both oligonucleotides x-ray structures (in B-DNA
form) are available for comparison (26–28). The Amber Molecular
Dynamics Package (29) was used for the simulations. All simulations
were performed in explicit water (TIP3P) with a truncated octahedral box
with a minimum distance of 10 A˚ between DNA and box boundary. Sodium
counter ions were included to neutralize the system. All classical MD simu-
lations were carried out with the pmemd module of the AMBER11 package
using the parmbsc0 force field for DNA (29). The nucleic acid backbone
potentials for 8oxoG were identical to those of undamaged DNA using
the parmbsc0 parameter set (30). Force field parameters specific for the
8oxoG nucleobase were taken from Cheng et al. (5). The simulation
systems were first energy minimized (5000 steps) with restraints on DNA
followed by 5000 steps of energy minimization. The system was heated
up in 3 steps (each step 100 ps) to 300 K in steps of 100 K followed by
gradual removal of the positional restraints from 25 kcal$mol1$A˚2 to
0.5 kcal$mol1$A˚2 (in 5 steps) and a 1 ns unrestrained equilibration at
300 K. The equilibrated structures served as starting structures for contin-
uous (c)MD and BP-REMD simulations (see below).BP-REMD based on pseudo-torsion angles
For the PB-REMD a two-dimensional (2D) biasing potential acting on two
dihedral angles h and q was employed for a given nucleotide. These
pseudodihedral angles are defined by the nucleic acid backbone atoms
O30-O50-C40-O30 in the case of h (here the first O30 belongs to the previous
nucleotide) and C40-O30-O50-C40 in case q (O50 and C40 belong to the next
nucleotide, illustrated in Fig. 2). Changes in these dihedral angles correlate
with the two most important conformational substates compatible with
B-DNA: Coupled changes of the a and g dihedral angles (also called crank
shift motions or a/g-flip) and coupled changes of ε and z dihedral angles
(31). The main coupled ε/z states are called BI (corresponds to the most
common substate of regular B-DNA) and BII (32). The addition of a 2D
biasing potential for the two coupled h and q dihedral angles centered at
the position of known substates (illustrated in Fig. 2) can result in
FIGURE 2 (Right panel) Definition of the pseudodihedral angles h and q
used as variables to design a biasing potential to promote a/g and ε/z tran-
sitions at the 8oxoG nucleotides (8oxoG in ball-and-stick representation
and neighboring nucleotides as stick models). (Left panel). Sampling of
nucleic backbone conformational states in terms of the h and q pseudodihe-
dral angles during an example MD simulation. The two main sampled states
along the q pseudo dihedral correspond to BI and BII states (changes in the
ε/z dihedral pair) and states along the h direction correspond mainly to
changes in the a/g dihedral pair.
Biasing Replica Exchange Simulation of 8oxoG-DNA 1091a destabilization of favorable regions and hence accelerates transitions to
alternative nucleic acid backbone substates (helps to promote transitions
over energy barriers separating favorable substates).
A BP-REMD simulation consisted of a set of nine parallel replica MD
simulations with different levels of the 2D biasing potential of the form
illustrated in Fig. 3 applied to the h, q pair of a selected nucleotide. The
biasing potentials were centered on the known centers for BI and BII states
as well as for a/g-crank shift states to destabilize BI/BII states and a/g states
and hence promote transitions. The biased potential region was selected
based on 96 crystal structures that contain an 8oxoG (see the Supporting
Material, Fig. S1). The width of each potential was 60. In each BP-
REMD simulation one of the replicas was simulated using the original force
field without biasing and served as the reference replica used for subsequent
analysis. Exchanges between neighboring replicas were attempted every
1000 steps (2 ps) and accepted or rejected according to a Metropolis
criterion (25). The magnitude of the applied biasing potential levels in
each replica differed by 0.66 kcal$mol1. Test simulations indicated that
this choice resulted in an acceptance probability for replica exchanges
of ~50%. The added biasing potentials in the replica runs were applied to
the two 8oxoG (or G nucleotides in case of the reference duplex) as well
as to the opposing nucleotides on the opposite strands. Differences of intactgiven in Table S2). The level of the plateau regime varied in the different
0.66 kcal$mol1 (illustrated in B. The number of replicas was nine and a schemand damaged DNA structures were calculated in terms of root mean-square
deviation from the start structures, backbone dihedral angles, and solvent
distribution. To analyze the structure the Curvesþ program (33) and ptraj
of the Amber11 package (29) were used.Calculations of potentials of mean force along
dihedral angles
To control the quality of the sampling during cMD and BP-REMD simula-
tions the umbrella sampling (US-MD) method was applied along a selected
backbone dihedral angle to induce BI/BII transitions. Such transitions can
be induced by an umbrella potential that acts only on one dihedral angle
(ε, defined by the following atoms: C40i-C30i-O30-Piþ1). A rotation around
this bond results in coupled change also in z to complete a BI-II transition.
The umbrella sampling was applied to the ε dihedral of nucleotide 4 (G or
8oxoG), in intact or damaged DNAwith a quadratic penalty function (force
constant: 0.02 kcal$mol1 deg2). The reference angle was increased in
steps of 10 and with 10 ns data gathering (1 ns equilibration) at each
window. The potential of mean force (PMF) along the reaction coordinate
was calculated using the weighted histogram analysis method (34).RESULTS AND DISCUSSION
Continuous MD simulations on 8oxoG-containing
and undamaged DNA
Comparative MD and BP-REMD simulations were per-
formed on two self-complementary duplex DNA molecules
(26), which differed only at position 4 of each strand (in the
following position 4 of the 2nd strand is indicated as nucle-
otide 14). One duplex included an 8oxoG at position 4 and
14, whereas the reference duplex contained instead a stan-
dard G at the same positions. Because both strands are
equivalent it is expected that upon convergence the same
sampling of conformational substates of both strands in
particular around the 8oxoG nucleotides should be
observed. In the 200 ns cMD-simulations of the reference
DNA (with intact G at position 4 and 14) the trajectory
stayed overall close to the starting structure (Fig. 4). The
root mean-square deviation (Rmsd of heavy atoms) from
the starting structure remained around ~2 A˚. In the case of
the simulation with the 8oxoG containing duplex a transitionFIGURE 3 (A) The 2D biasing potential
employed to destabilize favorable states in the
h/q dihedral angles consisted of a plateau regime
(central flat plateau regime of the penalty function
in A) and a regime during which it decreases
smoothly to zero (gray part of the penalty function,
in the black regime the penalty potential is zero).
The penalty potential is characterized by four
parameters (the position of the center, the radius
of the central flat regime (60), the width of decay
to zero (60), and the penalty level at the penalty
center (see (25) for the exact form of the potential).
The center of the biasing potential was set to the
centers representing the BI (and dominant a/g
substate) and the BII and one additional dominant
a/g state (illustrated in Fig. 2, and parameters
replicas (zero in the reference replica without any biasing) in steps of
e for the replica process is shown in (B).
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FIGURE 4 (Upper panels) Root mean-square
deviation of backbone atoms in DNA from the
initial starting structure during cMD and BP-
REMD (using the replica that runs under the
control of the original force field). (Lower panel)
Time evolution of the a dihedral angle at 8oxoG4
(black) and 8oxoG14 (gray) in the two strands of
DNA during the 200 ns cMD (left) and 10 ns BP-
REMD simulations (right panel).
1092 Kara and Zachariasto a state with an Rmsd of ~4–5 A˚ from the start structure
was observed after ~4 ns, which eventually at 54 ns flipped
back to a state close to the start conformation (Rmsd ~2 A˚).
This conformational change correlated with a transient
crank shift motion (a/g transition) at the 8oxoG14 nucleo-
tide (second strand). However, such transition was notFIGURE 5 Distribution of sampled a/g and ε/z substates during cMD simula
plots) for the undamaged case and the DNA that contained two 8oxoG nucleot
in the two self-complementary oligonucleotides.
Biophysical Journal 104(5) 1089–1097observed on the 200 ns timescale at the equivalent (symmet-
rically related) site (position 4) of the duplex.
To further analyze the sampling of possible substates the
distribution of ε/z and a/g dihedral angles at nucleotides 4
and 14 was investigated (Fig. 5). For the reference duplex
and the 8oxoG-containing DNA sampling of both BI andtions (upper 2 rows of plots) and BP-REMD simulations (lower 2 rows of
ides. The sampling is shown for two equivalent sites (nucleotide 4 and 14)
Biasing Replica Exchange Simulation of 8oxoG-DNA 1093BII states in the ε/z plot was observed. However, the fraction
of BII states was substantially larger in the case of 8oxoG4,14
compared to G4,14 at the same position (Fig. 5, Table 1). The
relative fraction of BI and BII was very similar at both
nucleotides 4 and 14 indicating convergence of the BI/BII
ratio on the 200 ns timescale. To further check the conver-
gence of the BI/BII ratio the PMF for the transition (using
the ε dihedral angle at nucleotide 4 as a reaction coordinate)
was calculated for both duplexes (Fig. 6). The free energy
difference between BI and BII extracted from the PMF calcu-
lations amounted to 1.3 and 0.5 kcal mol1 for the G- and
8oxoG-containing DNAs, respectively, in good agreement
with the corresponding values extracted from the cMD simu-
lations (1.4 kcal mol1 vs. 0.4 kcal mol1).
However, comparison of the sampled states that corre-
sponded to different a/g dihedral angle pairs indicated
clear differences between the two equivalent nucleotides 4
and 14 on the two DNA strands (Fig. 5, Table S1) in the
case of the 8oxoG-containing DNA. Overall, the sampling
of alternative a/g dihedral angle substates was less frequent
(few percent) than BII ε/z dihedral substates (compare
Table 1 and Table S1). At nucleotide 14 a significant frac-
tion of an alternative a/g substate was sampled (a ~60
and g ~180–300, Fig. 5), which was only very infrequently
sampled in the case of nucleotide 4. As already mentioned,
the significant change in the Rmsd from the start structure
observed for the 8oxoG-containing DNA (time frame
4–54 ns, Fig. 4) correlated with the a/g transition at nucle-
otide 14. This indicates that the DNA can indeed stay in
alternative substates for substantial times of several tens
of ns with infrequent transitions such that even during
a 200 ns MD simulation no convergence of sampled states
can be achieved. This has also been observed in previous
long MD simulations of B-DNA30. Interestingly, in the
case of the duplex with undamaged G instead of 8oxoG
little or no sampling of alternative a/g states was observed
during cMD simulations (Fig. 5, Table S1). Furthermore, it
is interesting to note that the occurrence of a/g transitions
might be coupled to BI/BII transitions (Fig. S2). For
example, during the BP-REMD simulations (in the refer-
ence run without biasing potential) the majority of the
alternative a/g conformational states correlated with a BI
state in the same nucleotide. A quantitative analysis of
such coupling effects requires, however, a more exhaustiveTABLE 1 Distribution (in %) of BI and BII dihedral states during MD
8-oxoguanine4,14
BP-REMD cMD
BI BII BI BII
ResID 4 14 4 14 4 14 4 1
W 65 100 35 0 65 100 35 0
C 100 67 0 33 100 70 0 3
W: indicates the % of sample BI or BII substates in the G4,14 or 8oxoG4,14 nucleo
sampling of the same substates at the nucleotide opposing the G or 8oxoG.sampling of alternative substates and will be the subject of
a future study.BP-REMD simulations on 8oxoG-containing
and undamaged DNA
BP-REMD simulations as described in the Methods section
were started from the same start structures as used for cMD
simulations. Test simulations indicated that the use of nine
replicas with biasing potentials on pseudodihedral pairs
varying between 0 and 5.28 kcal$mol1 was sufficient to
promote transitions between substates and still allowed
sufficient exchanges and traveling along the replicas (accep-
tance rate ~50%). The BP-REMD simulations were per-
formed for 10 ns. The Rmsd plots (Fig. 4) of the sampled
states in the unbiased reference replica showed fluctuations
(of 2–4 A˚ from the start structure) for both the simulations
with 8oxoG and undamaged DNA.
For the sampling of BI and BII substates very similar
results for the cMD simulations were observed (Fig. 5,
Table 1), which is consistent with the previous conclusion
of converged sampling of the ε/z substates during 100–
200 ns of cMD. The calculated free energy differences
between the BI and BII substates (1.4 vs. 0.5 kcal$mol
1)
obtained from the probability distributions agreed almost
quantitatively with the results from the direct PMF calcula-
tion (similar to the cMD results, see previous paragraph).
Similar to the cMD simulations no substantial sampling
of alternative a/g substates at nucleotides 4 and 14 was
observed in the case of undamaged DNA (G at position 4
and 14, Fig. 5).
However, in the case of the 8oxoG containing duplex not
only substantial sampling of alternative a/g substates at the
8oxoG was observed but importantly also much closer
agreement between the substate distributions at the two
equivalent positions 4 and 14 in the duplex (Fig. 5, Table
S1). Due to the rapid exchanges between biased replicas
and also frequent exchanges with the reference replica
much more frequent sampling of alternative states in the
reference replica was obtained. Note that the total simula-
tion length of the BP-REMD simulations (10 ns) is substan-
tially shorter than the life time of alternative a/g states
observed during the cMD simulations. The result indicates
that cMD simulations even of 200 ns length are insufficientsimulations
Guanine4,14
BP-REMD cMD
BI BII BI BII
4 4 14 4 14 4 14 4 14
89 100 11 0 92 100 8 0
0 100 90 0 10 100 91 0 9
tides during cMD and BP-REMD simulations, respectively. C: indicates the
Biophysical Journal 104(5) 1089–1097
FIGURE 6 PMF calculated for the ε dihedral angle of 8oxoG4 (blue) and
G4 (red) in damaged and undamaged DNA structures. Minima correspond-
ing to BI and BII substates of the systems correspond to ε dihedral angles
around 180 and 80, respectively.
1094 Kara and Zachariasto yield converged results on possible nucleic acid a/g
backbone substates, whereas much shorter BP-REMD
simulations are better converged as judged by the close
agreement in the sampling of two equivalent sites in the
self-complementary duplex.Stereochemical origin of substate difference
The force field that controlled the bonded geometry of the
nucleic acid backbone was exactly the same for 8oxoG-con-
taining and undamaged DNA (parmbsc0 parameters (30)).
This is reasonable because the 8oxoG modification is
several bonds apart from the dihedral angles that control
the nucleic acid backbone states. In this study, the observa-
tion of a significant difference in sampled substates must
therefore be entirely due to direct sterical or solvation
effects caused by the presence of the 8oxo group. Indeed,
from a stereochemical viewpoint it is possible to qualita-
tively explain the observed substate preferences. As indicate
in Fig. 7 the transition to a BII state (ε~280
) results in an on
average larger distance (by ~0.6 A˚) between the desoxyri-
bose O4 atom of the nucleotide and the H8/O8 atoms of
the G/8oxoG nucleobase. Although this is a small average
distance change, it can result in a substantial decrease of
the electrostatic repulsion in the case of an 8oxoG, in which
case both oxygen atoms are partially negatively charged (in
the case of a G the closer distance is electrostatically slightly
stabilized because the H8 has a partially positive charge).
The glycosidic dihedral angle c is also coupled to the BI/BII
substates (Fig. 7). To keep an optimal stacking and
hydrogen-bonded geometry it needs to adapt slightly upon
a BI/BII transition in the nucleic acid backbone. The high
fraction of BII states in the case of the 8oxoG-containing
DNA resulted in a bimodal c distribution (Fig. 7).
In the case of the altered a/g backbone distribution
observed for the 8oxoG containing duplex an obvious
stereochemically explanation was not found. Most likely
several stereochemical factors, but also small differencesBiophysical Journal 104(5) 1089–1097in stacking and solvation pattern, may contribute to the
stabilization of the alternative a/g backbone states observed
in the case of damaged DNA.
The pseudodihedral angle-dependent 2D biasing poten-
tial specifically accelerates the sampling of a/g and ε/z
dihedral angle pairs and not necessarily transitions of sugar
pucker angles. Nevertheless, the sampling of sugar pucker
states at the 8oxoG also differed from the sampling in the
case of the reference duplex (Table 2). In all simulations
the C10exo state was slightly preferred for 8oxoG4,14 over
the C20-endo pucker, whereas the opposite was observed
for the G4,14 in the reference duplex.Hydration pattern
The interaction of DNA with surrounding water molecules
contributes to its stability and may also influence DNA
conformation. The O8 atom forms a new polar center
compared to a H8 in the case of the regular G base. Indeed,
the water radial distribution around H8 (G) and O8(8oxoG)
indicates a significantly larger accumulation of waters
near the O8 of 8oxoG4,14 compared to a G4,14 (Fig. 8).
Similar results were found in previous simulation studies
of 8oxoG-containing DNA employing the parm99 force
field (12). The water molecule representing the first peak
(rO8-Ow ¼ 1.8 A˚) in the radial distribution corresponds
to a specifically bound water with an average life time
of >1 ns (from the cMD simulations). The water is
embedded in a hydrogen-bonding network illustrated for
a simulation snapshot in Fig. 9. Much lower water accumu-
lations (smaller than bulk concentration) are observed
around the equivalent site in the case of the reference duplex
(Fig. 8). The presence of strongly bound water molecules
may contribute to the specific initial recognition by repair
enzymes. Indeed, in an encounter complex of 8oxoG-con-
taining DNA and the MutM enzyme (14) no direct interac-
tion between protein and the 8oxoG has been observed
indicating that water-mediated interactions (in addition to
altered backbone/sugar pucker conformations) may play
a role in distinguishing the damaged 8oxoG from other
undamaged nucleobases.CONCLUSIONS
A new efficient REMD methodology based on the recently
introduced BP-REMD method (25) specifically designed to
improve sampling of possible backbone conformational
substates in nucleic acids has been designed. The method
requires much fewer replicas than conventional temperature
T-REMD approaches and is based on the application of
different biasing potentials in the replicas to destabilize
favorable regions of pairs of pseudodihedral angles along
the nucleic acid backbone. This promotes nucleic backbone
transitions in the replicas that upon exchanges of sampled
states also improve the sampling in the reference replica.
FIGURE 7 (A) Distribution of the N-glycosidic
dihedral angle for G4,14 and 8oxoG4,14 during
cMD and BP-REMD simulations. Snapshots of
the two dominant states for the 8oxoG case are
compared in (B, stick models of 8oxoG nucleo-
tides). (C) Sampling of the distance between the
H8 of Guanine and O4 of the desoxyribose versus
sampled ε dihedral angle. (D) Same for the simula-
tions with an 8oxoG instead of a regular G nucleo-
tide (and O8 instead of H8). (E) Sampling of the c
dihedral angle versus sampled ε dihedral angle for
G4,14 and 8oxoG4,14 (in F).
Biasing Replica Exchange Simulation of 8oxoG-DNA 1095The advantage of biasing in the pseudodihedral angles
compared to our previous approach (25) is a simultaneous
promotion of a/g and ε/z transitions during the REMD
simulation. The application to the comparative analysis ofTABLE 2 Desoxyribose pucker distribution (in %)
C30n C40x O10n C10x C20n C30x
cMD:8oxoG4 0 3 30 49 17 1
cMD:8oxoG14 1 3 25 43 23 7
BPREMD:8oxoG4 0 3 28 47 19 3
BPREMD:8oxoG14 0 4 31 48 16 2
cMD:G4 1 4 20 30 34 11
cMD:G14 0 4 23 31 32 9
BPREMD:8oxoG4 1 4 23 33 31 8
BPREMD:8oxoG14 0 3 19 32 35 11damaged and undamaged duplex DNA indicated improved
sampling of a/g states compared to cMD simulations at
reduced simulation length. It was also found that simula-
tions of 200 ns may still not be sufficient to achieve conver-
gence of the sampled conformational substates. Previous
simulation studies on 8oxoG-containing DNA were per-
formed with <200 ns simulation time and employed
older force fields (5,10,12) that do not preserve B-form
geometry even for regular undamaged DNA during long
MD simulations (30). The present BP-REMD methodology
to specifically enhance the sampling of substates could be
applied to study conformational preferences of a wide range
of DNA modifications (e.g., due to damage), to compare
different DNA sequences, and to analyze the backbone
conformational preferences of structural motifs in RNABiophysical Journal 104(5) 1089–1097
FIGURE 8 Calculated radial distribution function of the water-oxygen
density around 8oxoG4,14 (black lines) and G4,14 (gray lines). The contin-
uous lines indicate the O8(8oxoG)-Owater and H8(G)-Owater distribution
for the simulations with 8oxoG and G, respectively. The dashed lines indi-
cate the distributions for the distance of the same nucleotide atoms to the
hydrogen of water.
1096 Kara and Zachariasmolecules. Because the computational demand is modest it
is possible to perform systematic studies and to also help to
systematically improve current force field parameterization.
The application to 8oxoG-containing DNA indicated an
altered preference of nucleic acid substates compared to
an undamaged duplex with G nucleotides. Specifically,
a reduced barrier for transitions to a BII state and increased
ration of BII vs. BI was found for 8oxoG vs. G. This
increased ratio must be due to stereochemical and electro-
static effects of the damaged base because exactly the
same bonded backbone force field as the one for a regular
G nucleotide was used. The altered BI/BII ratio also influ-
ences the N-glycosidic c angle, which showed a bimodal
distribution in the case of 8oxoG but not for a G nucleobase.
This was also found in x-ray structures of 8oxoG-containing
duplex DNA (26). The analysis of experimental crystal
structures indicates that 8oxoG-containing DNA molecules
can adopt altered a/g dihedral states (Fig. S1). In agreement
with this observation, the BP-REMD simulations alsoFIGURE 9 Snapshot from the BP-REMD simulation of the 8oxoG-
containing DNA illustrating accumulation of waters near the 8oxoG.
Only one basepair with an 8oxoG and C nucleotide is shown (stick model,
atom color-coded). Water molecules are in stick representation with
hydrogen bonds indicated as dashed lines.
Biophysical Journal 104(5) 1089–1097showed sampling of nonstandard a/g 8oxoG substates not
seen in the reference case with a regular G nucleotide in
the duplex. The occurrence of such states may play a role
for the initial recognition of damaged DNA by repair
enzymes. The simulations also indicated differences in the
sampled desoxyribose pucker states between 8oxoG and
regular G. Such differences were also observed in crystal
structures of the encounter complex between damaged
8oxoG-containing DNA or undamaged DNA and the repair
enzyme MutM (14,17). However, the crystal structures of
the encounter complexes indicated a preference for the
C30-endo or C40-exo pucker in the case of 8oxoG vs. C20-
endo in the case of a G (14,17). This pattern was not
observed in the present simulations of the isolated DNA
(for 8oxoG a preference for C10-exo was found). It is,
however, possible that the substantial deformation of the
bound DNA seen in the crystal structures of the encounter
complex contribute to the altered sugar pucker preferences
of 8oxoG vs. G. Future simulation studies on deformed
DNA in complex with the repair enzyme might be helpful
to investigate the pucker preferences. The current simula-
tion studies also indicate a significantly altered hydration
pattern of 8oxoG compared to a G at the same position in
DNA, which was also observed in previous simulation
studies (12). Interestingly, no direct contact between the
O8 and the repair enzyme was identified in the encounter
complex crystal structures (14) indicating a possible indirect
recognition due to the altered backbone/sugar pucker
conformation or due to an altered pattern of water hydration
in the 8oxoG-containing versus undamaged DNA.SUPPORTING MATERIAL
Two supporting tables and figures are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(13)00137-9.
We thank Drs. C. Beier, P. Setny, and S. de Vries for helpful discussions and
the Deutsche Forschungsgemeinschaft (DFG) for financial support (grant
Za-153/17-1). This work was performed using supercomputer resources
of the EMSL (Environmental Molecular Science Laboratories) at the
PNNL (Pacific Northwest National Laboratories, USA, grant st44711)
and at the LRZ (Leibnitz Rechenzentrum, Germany, grant pr86pu).REFERENCES
1. Roberts, R. J., and X. Cheng. 1998. Base flipping. Annu. Rev. Biochem.
67:181–198.
2. Lindahl, T. 1999. Quality control by DNA repair. Science. 286:1897–
1905.
3. Delaney, S., D. A. Jarem,., C. J. Yennie. 2012. Chemical and biolog-
ical consequences of oxidatively damaged guanine in DNA. Free
Radic. Res. 46:420–441.
4. Singh, S. K., M. W. Szulik, ., B. Gold. 2011. Characterization of
DNA with an 8-oxoguanine modification. Nucleic Acids Res.
39:6789–6801.
5. Cheng, X., C. Kelso, ., C. Simmerling. 2005. Dynamic behavior of
DNA base pairs containing 8-oxoguanine. J. Am. Chem. Soc.
127:13906–13918.
Biasing Replica Exchange Simulation of 8oxoG-DNA 10976. Cheng, K. C., D. S. Cahill,., L. A. Loeb. 1992. 8-Hydroxyguanine, an
abundant form of oxidative DNA damage, causes G -> T and A -> C
substitutions. J. Biol. Chem. 267:166–172.
7. Shibutani, S., M. Takeshita, and A. P. Grollman. 1991. Insertion of
specific bases during DNA synthesis past the oxidation-damaged
base 8-oxodG. Nature. 349:431–434.
8. Kirpota, O. O., A. V. Endutkin,., G. A. Nevinsky. 2011. Thermody-
namic and kinetic basis for recognition and repair of 8-oxoguanine in
DNA by human 8-oxoguanine-DNA glycosylase. Nucleic Acids Res.
39:4836–4850.
9. Bruner, S. D., D. P. Norman, and G. L. Verdine. 2000. Structural basis
for recognition and repair of the endogenous mutagen 8-oxoguanine in
DNA. Nature. 403:859–866.
10. Pinak, M. 2003. 8-oxoguanine lesioned B-DNA molecule complexed
with repair enzyme hOGG1: a molecular dynamics study. J. Comput.
Chem. 24:898–907.
11. Barone, F., F. Lankas, ., F. Mazzei. 2005. Structural and dynamic
effects of single 7-hydro-8-oxoguanine bases located in a frameshift
target DNA sequence. Biophys. Chem. 118:31–41.
12. Naoˆme´, A., P. Schyman, ., D. P. Vercauteren. 2010. Molecular
dynamics simulation of 8-oxoguanine containing DNA fragments
reveals altered hydration and ion binding patterns. J. Phys. Chem. B.
114:4789–4801.
13. Miller, S., L. E. Jones,., M. J. Serra. 2008. Thermodynamic analysis
of 50 and 30 single- and 30 double-nucleotide overhangs neighboring
wobble terminal base pairs. Nucleic Acids Res. 36:5652–5659.
14. Qi, Y., M. C. Spong,., G. L. Verdine. 2009. Encounter and extrusion
of an intrahelical lesion by a DNA repair enzyme. Nature. 462:
762–766.
15. Banerjee, A., W. Yang, ., G. L. Verdine. 2005. Structure of a repair
enzyme interrogating undamaged DNA elucidates recognition of
damaged DNA. Nature. 434:612–618.
16. Miller, J. H., C.-C. P. Fan-Chiang, ., M. A. Kennedy. 2003.
8-Oxoguanine enhances bending of DNA that favors binding to glyco-
sylases. J. Am. Chem. Soc. 125:6331–6336.
17. Sung, R.-J., M. Zhang, ., G. L. Verdine. 2012. Sequence-dependent
structural variation in DNA undergoing intrahelical inspection by the
DNA glycosylase MutM. J. Biol. Chem. 287:18044–18054.
18. Plum, G. E., A. P. Grollman,., K. J. Breslauer. 1995. Influence of the
oxidatively damaged adduct 8-oxodeoxyguanosine on the conforma-
tion, energetics, and thermodynamic stability of a DNA duplex.
Biochemistry. 34:16148–16160.
19. Durrant, J. D., and J. A. McCammon. 2011. Molecular dynamics simu-
lations and drug discovery. BMC Biol. 9:71–79.20. Cao, Z., L. Liu, ., J. Wang. 2011. Structural and thermodynamics
characters of isolated a-syn12 peptide: long-time temperature
replica-exchange molecular dynamics in aqueous solution. Acta
Biochim. Biophys. Sin. (Shanghai). 43:172–180.
21. Li, T., X. Yang, and E. Nies. 2011. A replica exchange molecular
dynamics simulation of a single polyethylene chain: temperature
dependence of structural properties and chain conformational study
at the equilibrium melting temperature. J. Chem. Theory Comput.
7:188–202.
22. Sugita, Y., and Y. Okamoto. 1999. Replica-exchange molecular
dynamics method for protein folding. Chem. Phys. Lett. 314:141–151.
23. Pitera, J. W., and W. Swope. 2003. Understanding folding and design:
replica-exchange simulations of ‘‘Trp-cage’’ miniproteins. Proc. Natl.
Acad. Sci. USA. 100:7587–7592.
24. Sugita, Y., A. Kitao, and Y. Okamoto. 2000. Multidimensional replica-
exchange method for free-energy calculations. J. Chem. Phys. 113:
6042–6051.
25. Curuksu, J., and M. Zacharias. 2009. Enhanced conformational
sampling of nucleic acids by a new Hamiltonian replica exchange
molecular dynamics approach. J. Chem. Phys. 130:104110–104117.
26. Lipscomb, L. A., M. Elizabeth Peek,., L. D. Williams. 1995. X-ray
structure of a DNA decamer containing 7,8-dihydro-8-oxoguanine.
Proc. Natl. Acad. Sci. USA. 92:719–723.
27. Hays, F. A., A. Teegarden, ., P. S. Ho. 2005. How sequence defines
structure: a crystallographic map of DNA structure and conformation.
Proc. Natl. Acad. Sci. USA. 102:7157–7162.
28. Chiu, T. K., and R. E. Dickerson. 2000. 1 A crystal structures of
B-DNA reveal sequence-specific binding and groove-specific bending
of DNA by magnesium and calcium. J. Mol. Biol. 301:915–945.
29. Case, D. A., T. E. Cheatham, 3rd, ., R. J. Woods. 2005. The Amber
biomolecular simulation programs. J. Comput. Chem. 26:1668–1688.
30. Pe´rez, A., I. Marcha´n, ., M. Orozco. 2007. Refinement of the
AMBER force field for nucleic acids: improving the description of
alpha/gamma conformers. Biophys. J. 92:3817–3829.
31. Djuranovic, D., R. Lavery, and B. Hartmann. 2002. a/g Transitions in
the B-DNA backbone. Nucleic Acids Res. 30:5398–5406.
32. Djuranovic, D., and B. Hartmann. 2004. DNA fine structure and
dynamics in crystals and in solution: the impact of BI/BII backbone
conformations. Biopolymers. 73:356–368.
33. Lavery, R., M. Moakher, ., K. Zakrzewska. 2009. Conformational
analysis of nucleic acids revisited: Curvesþ. Nucleic Acids Res.
37:5917–5929.
34. Kumar, S., J. M. Rosenberg, ., P. A. Kollman. 1992. The weighted
histogram analysis method for free-energy calculations on biomole-
cules. I. The method. J. Comput. Chem. 13:1011–1021.Biophysical Journal 104(5) 1089–1097
